1.. Introduction
================

Based on CMOS-MEMS technology \[[@b1-sensors-09-02746]\], micro FET sensors such as the CMOS humidity sensor \[[@b2-sensors-09-02746],[@b3-sensors-09-02746]\] and the CMOS pressure sensor \[[@b4-sensors-09-02746],[@b5-sensors-09-02746]\], are an interesting topic of investigation in terms of the development of miniaturized and high performance sensors. As device sizes further shrink towards the nanoscale, existing CMOS devices will evolve from planar to three-dimensional non-planar NW devices. Recently, SiNWs have attracted considerable attention among the device and circuit engineering community due to their potential applications as nanoscale MOSFETs and nanosensors for further nanoelectronic and nanoelectromechanical system \[[@b6-sensors-09-02746]--[@b9-sensors-09-02746]\], which will operate under strong quantum confinement and high-strain regimes. Therefore, in order to fully assess the ultimate performance of SiNW FETs, as well as the physics of nanosensors, proper modeling is essential in understanding the electrical characteristics of the high-strained SiNW transistor. A first important step is the calculation of the transport properties of SiNWs. For instance, Wang *et al*. \[[@b10-sensors-09-02746]\] have theoretically investigated the effects of the band structure, NW diameter and carrier type on the transport performance limits of unstrained ballistic SiNWs transistors with the transport axis along \[100\], but SiNWs with various transport orientations (e.g., \[100\], \[110\], \[111\], \[112\]) have been synthesized by different experimental groups \[[@b6-sensors-09-02746],[@b11-sensors-09-02746],[@b12-sensors-09-02746]\]. In particular, SiNW transistors of diameters even down to 3 nm have already been demonstrated \[[@b13-sensors-09-02746]\]. Because of the device's very small dimensions, the atoms in the cross section of SiNWs will be countable, and bond orientation, crystal symmetry, and quantum confinement will matter. Thus, understanding the effect of wire orientations and quantum confinement on the ballistic transport in SiNWs is becoming increasingly important \[[@b14-sensors-09-02746],[@b15-sensors-09-02746]\]. Meanwhile, strain engineering takes a key position among other technological innovations since the beneficial effect of strain on device performance is comparatively large \[[@b16-sensors-09-02746]\]. In order to analyze the sensitivity of FET pressure sensor, the relationship between the drive current and the stress needs to be examined.

In this paper, based on the theory developed by Luttinger and Kohn \[[@b17-sensors-09-02746]\], the bandstructures of p-type silicon nanowires are calculated by using a two-dimensional (2-D) discrete six-band k.p method \[[@b18-sensors-09-02746]--[@b22-sensors-09-02746]\] that quantitatively takes into account hole quantization effect, band mixing effect, spin-orbit coupling effect as well as mechanical strain. Then we apply a top-of-the-barrier ballistic FET model \[[@b23-sensors-09-02746]\] to explore the effects of the orientation and the stress on ballistic hole transport properties of the p-type SiNW FETs. We find that the SiNW FET performance displays a strong orientation dependence, however, the effect of strain on the ballistic drain current of the ultra-scaled cross section SiNW FETs with the \[110\] and \[111\] orientations, except for the \[100\] orientation, turns out negligible, which can be attributed to an only slight variation of the hole effective mass due to the strong quantum confinement. However, for larger NW transistors with various transport orientations, the uniaxial tensile stress obviously alters the ballistic performance. Furthermore, the competition of injection velocity and carrier density related to the effective hole masses is found to play a critical role in determining the performance of the nanotransistors.

2.. Theory Model
================

As shown in [Figure 1](#f1-sensors-09-02746){ref-type="fig"}, the device that we have studied is a p-type gate-all-around SiNW MOSFET separated by the silicon dioxide layer from the metallic gate (to achieve the same OFF-current for different devices, the work function of the gate material is adjusted), which is the most important component of the SiNW FET pressure sensor. To obtain the maximum sensitivity, the SiNW FET should be placed near the anchor of the FET pressure sensor, which is the high stress region. To investigate how the stress and the orientation affect the ultimate device performance of SiNWs FET, in this work, the strained square SiNW FETs (transport along the *z* direction) with various channel orientations i.e., \[100\], \[110\], \[111\] are explored, and the Si body thickness, T~Si~, is assumed to be equal to the wire width, W~Si~.

In order to investigate the ballistic hole transport properties of SiNW FETs, we have to calculate the valence subband *E~n~* (*k~z~*) and wave function *φ*~*n*,*k*~*z*~~ (*x*, *y*) of the SiNW. It is well-known that the k.p theory is a well established method to describe the bandstructure. Despite its field of application should be restricted to not very small systems, the amazing correspondence between experimental and numerical results obtained by the k.p method suggests that the limits of validity of the method are beyond what it might be expected, reaching good descriptions of nanoscale systems \[[@b24-sensors-09-02746]--[@b26-sensors-09-02746]\]. In this work, using material parameters as listed in [Table 1](#t1-sensors-09-02746){ref-type="table"}, the subband structures and wave functions of the unstrained and stained silicon are first calculated by using the stress-dependent six-band k.p model under the triangular-well approximation, which is a powerful tool for quantitative evaluation of strain-induced effective mass changes.

The Luttinger parameters we use well reproduce the bulk *E-k* relations for silicon. For the SiNW, whose channel orientation is along the *z* direction, holes are confined in the *x* and *y* directions, which requires a discrete treatment. In other words, at a grid point along the quantization directions in the real space, the stress-dependent six-band k.p Schrödinger equations need to be discretized with the nine-point finite difference method: $$\lbrack H_{\mathit{kp}}(k_{x} = - i\partial/\partial x,k_{y} = - i\partial/\partial y,k_{z}) + H_{\mathit{strain}} + H_{\mathit{so}} + V(x,y)\rbrack\varphi_{n,k_{z}}(x,y) = E_{n}(k_{z})\varphi_{n,k_{z}}(x,y).$$where *H~kp~* is the k·p Hamiltonian matrix, *H~strain~* is the strain Hamiltonian matrix, *H~so~* is the split-off Hamiltonian matrix, which can describe spin-orbit coupling interaction, and *V*(*x*, *y*) is the channel potential. At the oxide interfaces, Dirichlet boundary conditions are applied to the wave functions, assuming that they do not penetrate the oxide.

Based on the effective valley degeneracy and the hole effective masses extracted from the bandstructures, which are calculated by using the 2-D discrete stress-dependent six-band k.p model, the ballistic I--V characteristics of the corresponding p-type SiNW FETs are evaluated by using a top-of-the-barrier ballistic FET model \[[@b23-sensors-09-02746]\]. As shown in [Figure 2](#f2-sensors-09-02746){ref-type="fig"}, the subband of the p-type SiNW is coupled to the source and drain reservoirs, which are characterized by their Fermi levels.

In this way, this model treats ballistic transport semiclassically by filling the *k*-states at the top of the source-channel barrier and captures three-dimensional electrostatics, quantum capacitance, and bias-charge self-consistency in ballistic FETs. However, source-to-drain tunneling is not considered in this model. In this work, we assume the gate control parameter=0.88 and the drain control parameter=0.035, which indicates the gate control is not perfect, and can partly reflect the effect of the depletion capacitance due to the charge confinement at the center of the cross-section in the SiNWs \[[@b27-sensors-09-02746]\]. Once the number of mobile carriers and the effective potential *U~scf~* at the top of the barrier are converged, the drive current is evaluated using the semiclassical transport equation in the ballistic limit: $$I = \frac{2q}{h}{\int\limits_{U_{\mathit{scf}}}^{\infty}{\mathit{dE}\lbrack f(E_{\mathit{fs}} - E(z)) - f(E_{\mathit{fd}} - E(z))\rbrack.}}$$where *f*(*E*) is the Fermi function.

3.. Results and Discussion
==========================

For the valence band of the ultra-scaled cross section SiNW, the degeneracy between light and heavy holes is lifted by the strong quantum confinement. Because holes mainly occupy the first subband, [Figure 3](#f3-sensors-09-02746){ref-type="fig"} only shows the first subband for the simulated strained and unstrained SiNWs with various channel orientations. It clearly shows that the bandstructures are different for SiNWs with various channel orientations, and the stress further modify the bandstructures, resulting in different hole effective masses.

To account for the influence of subband nonparabolicity on the effective mass, the following expression for zone-center effective mass *m*~//~ of SiNW is utilized \[[@b28-sensors-09-02746]\]: $$\frac{\hslash^{2}k_{//}^{2}}{{2m}_{//}} = E_{//}(1 + {\alpha E}_{//} + {2\alpha}^{2}E_{//}^{2})$$where *E*~//~ is the hole energy measured from the subband edge, *k*~//~ is the hole wave vector, and α is nonparabolicity factor. Both the hole effective masses and nonparabolicity factors, also shown in [Figure 3](#f3-sensors-09-02746){ref-type="fig"}, are applied to investigate the orientation and the uniaxial stress dependence of the ballistic transport. Our calculated hole masses of unstrained SiNWs are slightly lower compared to the values calculated by using density function theory \[[@b29-sensors-09-02746]\], due to the different simulation method, however, both methods present the similar result, i.e. when the width is 2.2 nm, the hole effective masses of the SiNWs along \[110\] and \[111\] directions reduce while that of the SiNW along \[100\] direction increases compared to the bulk silicon.

In order to explain the origin of the phenomenon, in [Figure 4](#f4-sensors-09-02746){ref-type="fig"}, we first check the nature of the first subband of the SiNW along \[100\] orientation at the Γ (*k~z~* = 0) point. Under no stress, since the reduction of the dimensionality (stronger quantum confinement) enhances the band mixing effect \[[@b30-sensors-09-02746]\], the amplitudes of the light hole (LH) and spin-orbit split-off (SO) wave functions have nonzero mixing, which results in pronounced nonparabolicity effect \[[@b14-sensors-09-02746],[@b31-sensors-09-02746],[@b32-sensors-09-02746]\] (*α* = 1.0677*eV*^−1^). Because the more nonparabolicity effect of the same-oriented subbands is in the transport direction, the larger the transport mass will be \[[@b14-sensors-09-02746]\], the first subband of the \[100\] SiNW has a heavier effective mass (0.4472) compared to the bulk silicon (*m*~*n*=1~ = 0.31). Under the stress, the wave function components are found to be sensitive to the tensile stress, which enhances the HH component and results in the band mixing effect among HH, LH, SO bands. However, this band mixing controlled by the tensile stress reduces nonparabolicity effect (*α* = 0.1765*eV*^−1^ due to quantum confinement, resulting in lighter effective mass (0.2951), in other word, the quantum confinement effect is partly nullified by the tensile stress. This can be seen from the change of the wave function shape, which reflects a different charge distribution in space. Under the tensile stress, the charge confined at the center of the cross-section relocalizes in the surface of SiNWs, which is similar as the classical case (*m*~*n*=1~ = 0.31).

In [Figure 5](#f5-sensors-09-02746){ref-type="fig"}, we also check the percent of the HH, LH, SO components in the first subband of the simulated SiNWs with various channel orientations as a function of wavevector *k~z~*. It can be seen from [Figure 5](#f5-sensors-09-02746){ref-type="fig"} that the first valence band of the SiNWs along \[110\] and \[111\] orientations is now determined by the light band at very large wavevector regions. Meanwhile, HH component is found to be zero. Because the LH bands of silicon along \[110\] and \[111\] orientations have very light effective hole mass \[[@b20-sensors-09-02746]\] and nonparabolicity effect is small, the effective hole mass of the first subband of the SiNWs along \[110\] and \[111\] orientations is light, in spite of the mixing between LH and SO wave functions. Note that the variation of effective mass can also be seen from the change of shape/curvature of the valence bandstructure \[[@b14-sensors-09-02746],[@b20-sensors-09-02746]\]. The larger dispersions' curvature at energies close to the valence band edge, the lighter effective mass. The heaviest effective mass in the \[100\] SiNW, is a result of the enhanced warping in its dispersion, which reduces the dispersion's curvature.

Changes in the bandstructure due to quantum mechanical confinement, strain and various transport orientations reflect on the transport characteristics of the strained SiNW with three wire orientations, \[100\], \[110\] and \[111\]. Based on the effective valley degeneracy and the effective masses extracted from the stress-dependent subbands, the top-of-the-barrier ballistic transport model is used to self-consistently calculate the drain current, carrier density and injection velocity of p-type SiNW transistors. Note that for the valence band of SiNWs along the \[110\] orientation, the band-edge of the second highest band is close to that of the highest band. So the second highest band also contributes to the hole density and current, and the effective valley degeneracy is close to 2. Besides, at the same doping concentration and temperature, the change of *E~V~* -- *E~fs~* (due to different orientation and stress type wires) will result in a threshold voltage shift, where *E~V~* is the valence subband edge. However, to facilitate performance comparison, in this work, the threshold voltage (current value=1.45 μA/μm) of each device is calibrated to 0.25 V~DS~ by adjusting the gate work function. Thus, the threshold voltage shift will not be seen in the relative performances.

[Figure 6](#f6-sensors-09-02746){ref-type="fig"} plots the drive current vs. gate bias curves at V~DS~= -- 0.6 V for 2.2 nm square SiNW FETs with three different channel orientations. The results show that the SiNW FET performance displays a strong orientation dependence. For p-type SiNW FETs, \[110\] is the optimum orientation that offers the highest drain current, followed by the \[111\] SiNW, whereas the \[100\] SiNW has the lowest drain current. On the other hand, the effect of strain on the ballistic drain current of SiNW FETs with the \[110\] and \[111\] orientations, except for the \[100\] orientation, turns out negligible in the case considered, which can be attributed to an only slight variation of the non-parabolic valence structure under the strong quantum confinement. In other word, in this case, the effect of the stress is nullified by quantum confinement.

Because current is the product of the carrier density and the injection velocity, in [Figures 7](#f7-sensors-09-02746){ref-type="fig"} and [8](#f8-sensors-09-02746){ref-type="fig"}, the injection velocity and the carrier density are plotted as a function of the gate bias, respectively. [Figure 7](#f7-sensors-09-02746){ref-type="fig"} shows that the \[111\] SiNW has the largest injection velocities, followed by the \[110\] SiNW, whereas the \[100\] SiNW has the lowest injection velocities, as would be expected from the subband masses estimated earlier. However, from [Figure 8](#f8-sensors-09-02746){ref-type="fig"}, it is observed that the carrier density of high strained \[111\] oriented channel is obviously reduced, thus, degrades device performance, while the \[110\] SiNW has the largest carrier densities, thus, enhances device performance.

This result indicated the competition of injection velocity and carrier density related to hole effective masses plays a critical role in determining the performance of the nanotransistors. Furthermore, the effect of the stress on the injection velocity and the carrier density is also too small to be considered due to the strong quantum confinement.

As discussed above, due to the limit of the strong quantum confinement, the effect of the stress on the ballistic hole transport properties of the ultra-scaled 2.2 nm square SiNWs is almost too small to be considered. To gain further insight into the effect of the stress, we determine to investigate larger cross section SiNWs. [Figure 9](#f9-sensors-09-02746){ref-type="fig"} shows ON-current (V~GS~=V~DS~= -- 0.6 V) of the p-type 5 nm square SiNW FETs with a as a function of the stress. Because the degree of the competition between the stress and quantum confinement is different for different size wires, the 5 nm square SiNW for tensile stresses behaves in a different manner with respect to the 2.2 nm one.

In particular, although the uniaxial compressive stress slightly changes the ballistic hole current, the uniaxial tensile stress obviously alters the ballistic hole current in three different channel orientations. In other word, the effect of tensile stress is more obvious in the 5 nm one due to weaker quantum confinement effect. This clearly indicates that in order to obtain the high-sensitivity NW FET pressure sensors, the tensile stress should be applied.

Meanwhile, in order to enhance the effect of the stress, the size of the SiNW can not be too small or narrow, resulting in the strong quantum effect, which will counteract the stress effect. In addition, it can be seen from [Figure 9](#f9-sensors-09-02746){ref-type="fig"} that \[110\] is the optimum orientation for the p-type SiNW FET pressure sensors, whereas \[100\] is the optimum orientation for the p-type SiNW FETs under the very high tensile stress level, which is attributed to the increase of the effective valley degeneracy of \[100\] SiNW.

[Figure 10](#f10-sensors-09-02746){ref-type="fig"} plots the injection velocity vs. stress curves for the 5 nm square SiNW FETs with three different channel orientations. In opposition to the p-type 2.2 nm square SiNW FETs, the \[100\] SiNW has the largest injection velocities under the very high tensile stress, followed by the \[110\] SiNW, whereas the \[111\] SiNW has the lowest injection velocities.

On the other hand, in [Figure 11](#f11-sensors-09-02746){ref-type="fig"}, it is observed that the high tensile-strained \[111\] oriented channel yields a very high carrier density, followed by the \[100\] oriented channel, whereas the \[110\] oriented channel has the lowest carrier density. This result is also different from that of the 2.2 nm square SiNW FETs. As discussed above, current is the product of the carrier density and the injection velocity, therefore, the hole transport property of the 5nm square SiNW is different from that of the 2.2 nm square SiNW under very high tensile stress level due to the different quantum confinement effects.

4.. Conclusions
===============

In order to design and optimize high-sensitivity SiNW FET sensors, we have provided a detailed examination of the impact of the orientations and the uniaxial stress on the hole subband structure and the relative ballistic transport characteristic of the p-type SiNW transistor by using the stress-dependent k.p method which is discretized with the nine-point finite difference method, and the top-ofthe-barrier ballistic transport model. It shows that SiNW FETs display a strong orientation dependence. We have identified \[110\] as the optimum orientation for the unstrained SiNW FETs. The dependence of SiNW FET performance on the uniaxial stress was also explored and the results show that there is a clear performance improvement when uniaxial tensile stress is applied along the transport orientation, and \[110\] is the optimum orientation for the p-type SiNW FET pressure sensors, whereas \[100\] is the optimum orientation for the very high tensile-strained p-type SiNW FETs. However, the effect of the uniaxial compressive stress on the ballistic drain current of SiNW FETs is small in the case considered, which can be attributed to an only slight variation of the non-parabolic valence structure under a compressive stress. Furthermore, it is observed that quantities related hole effective masses, such as carrier injection velocity and carrier density play key roles in determining the performance of p-type ballistic SiNW transistors.
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![A schematic diagram of the SiNW FET pressure sensor. In this work, the SiNW FETs with various channel orientations i.e., \[100\], \[110\], \[111\] are explored.](sensors-09-02746f1){#f1-sensors-09-02746}

![Illustration of the 'top-of--the-barrier' ballistic FET model. Semiclassical ballistic transport is assumed for the calculation of hole density and current. Filled circles represent states that are filled by the source Fermi level *E~fs~* and empty circles represent states filled by the drain Fermi level *E~fd~*.](sensors-09-02746f2){#f2-sensors-09-02746}

![The energy dispersion relations for the first subband of the simulated strained and unstrained SiNWs with various channel orientations. T~Si~=W~Si~=2.2 nm.](sensors-09-02746f3){#f3-sensors-09-02746}

![HH component, LH component, and SO component of the wave function of the ground state at *k~z~* = 0 in the simulated strained and unstrained SiNWs along \[100\] channel orientation.](sensors-09-02746f4){#f4-sensors-09-02746}

![Percent of the HH, LH, SO components in the first subband of the simulated SiNWs versus wavevector *k*.](sensors-09-02746f5){#f5-sensors-09-02746}

![The I~DS~--V~GS~ curves for p-type strained and unstrained SiNW FETs with various channel orientations at V~DS~= -- 0.6 V. The oxide thickness is assumed to be 1 nm and the temperature is 300 K.](sensors-09-02746f6){#f6-sensors-09-02746}

![Injection velocity of the simulated strained and unstrained SiNW FETs with various channel orientations versus gate bias at V~DS~= -- 0.6 V.](sensors-09-02746f7){#f7-sensors-09-02746}

![Carrier density of the simulated strained and unstrained SiNW FETs with various channel orientations versus gate bias at V~DS~= -- 0.6 V.](sensors-09-02746f8){#f8-sensors-09-02746}

![ON-current of the p-type 5 nm square SiNW FETs as a function of the stress.](sensors-09-02746f9){#f9-sensors-09-02746}

![Injection velocity of the p-type 5 nm square SiNW FETs as a function of the stress.](sensors-09-02746f10){#f10-sensors-09-02746}

![Carrier density of the p-type 5 nm square SiNW FETs as a function of the stress.](sensors-09-02746f11){#f11-sensors-09-02746}

###### 

Luttinger parameters, deformation potentials, spin-orbit split-off energy used in the calculation.

  γ~1~   γ~2~   γ~3~   *a~v~* (eV)   *b* (eV)   *d* (eV)   Δ~so~ (meV)
  ------ ------ ------ ------------- ---------- ---------- -------------
  4.22   0.39   1.44   2.46          −2.1       −4.8       44
